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ON THE

DEPENDENCE OF ELECTRICAL RESISTANCE ON
TEMPERATURE.

PART FIRST.

ON THE INFLUENCE OF TEMPERATURE UPON THE ELECTRICAL

EESISTANCE OF METALLIC CONDUCTORS.

THE experimental researches hitherto published on this subject
have been limited to temperatures ranging from the freezing to
the boiling point of water, and great uncertainty still prevails
regarding the law of increase at temperatures exceeding 100° Cent.

The early experiments made by Arndsten* and Dr. Werner
Siemens *f* tend to show that copper, silver, and other pure metals
offer electrical resistances which increase with the temperature in
an arithmetical ratio within the limits of their experiments, which
extended from 0° to 100° Centigrade, whilst subsequent researches
by Dr. Matthiessen indicate a slightly divergent ratio between the
same limits of temperature.

Platinum, which is, in many respects, a suitable metal for
extending these enquiries to higher temperatures, has been left
Out of consideration in the otherwise exhaustive researches of
Matthiessen, and when I first directed my attention to this metal,
I observed very extraordinary differences in the electrical conduc-
tion of different specimens.

I found it impossible to obtain platinum wire of such a degree Platinum
of purity that its co-efficient of increment should have a value wre>

corresponding with that of silver, and the other pure metals. Some
platinum wire, drawn for me by Messrs. Johnson and Matthey .
some years since, gave, when measured, a conducting power only
47 times that of mercury. Its increase of resistance was from

* Vide " Annal. do Chimie," vol. liv. 1858, p. 410-44.3.
t Vide Poggcndorff'a " Annalen," vol. ex. p. 1, vol. cxii. p. 353.
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0-95 units at 20° C. to 112 units, at 100° C.; or 22*4 per cent.
This platinum had been prepared by fusion in a De Ville furnace.
Platinum recently supplied to me by the same firm, prepared by
the old method of forging, had a conducting power of 8*2, whilst it
increased in resistance from 0*97 units at 20° C. to 1*23 units, at
100° C, or 335 per cent. This led me to believe that the process
by which platinum is prepared has much to do with its behaviour
as a conductor, owing probably to a slight admixture of iridium
and other metals of that class, in the fused metal; a supposition
which is sufficiently proved by the results tabulated below, and
from which it follows, that great caution is necessaiy in selecting
platinum-wire for electrical experiments; and that the fusion of a
wire of a given length and diameter for instance, is by no means
a test of the strength of an electrical current.

1

2

3

4

5

6

Kind of Platinum.

Pure melted, No. 1 . .

Common soft

Platinum with 5 per cent. "1
iridium . . . . j

Pure melted, No. 2 . .

Pure forged

Impure melted

Diameter
(niches).

0-062

0-062

0-021

0-021

0-021

0-021

Length
(inches).

507-5

580-5

112-5

195-0

292-0

—

Eesis-
tance at
73°Fahr.

0-790

0-985

1-800

2-805

4-000

—

Con-
ducting

power at
73°Fahr.

8-6

7-9

7-2

816

8-85

4-7

The percentage increment of increasing resistance of all these
specimens was lower than that of pure silver or copper; but this
is really of little practical importance in view of the second part of
this inquiry, provided that its coefficient is known, and that it
remains constant. A higher coefficient would be of advantage only
in so far as by giving greater differences of resistance for given
differences of temperature, the readings with it would be propor-
tionately more delicate.

In carrying out my experimental inquiry regarding the depen-
dence of electrical resistance upon temperature, I employed
platinum wire of #009 inches diameter, which had been prepared,
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by the old welding process (which gives, as already stated, a much
more conductive, and, therefore, a purer wire than the more recent
process by fusion in a De Ville's furnace). In one of the series of
experiments, this wire was wound upon a cylinder of pipeclay, in
helical grooves to prevent contact between the convolutions of the
wire. To arrive at a knowledge of its electrical resistance, when
subjected to various temperatures, I placed it, together with a
delicate mercury thermometer made for me by Messrs. Negretti and
Zambra, in a copper vessel, contained in a bath of linseed oil, which
(in order to prevent the too sudden radiation of its heat, and conse-
quent variation of temperature) was placed within a larger vessel,
the space between the two being packed with sand. The leading
wires of the platinum-coil were then connected with a Wheatstone's
balance and a delicate galvanometer. The bath was very gradually
heated by a series of small Bunsen's burners, and whilst the oil
was kept in continual motion, the resistance of the platinum wire
was read off at intervals of 4° or 5° Centigrade. When the highest
point had been reached, the bath was allowed to cool down
gradually, and measurements were taken at the same points of
temperature as before. This was repeated several times, until
about six readings of the resistance of the wire at each point
of temperature had been obtained. The mean readings are
contained in the first table given at the end of this Part. The
platinum wire was carefully annealed, and maintained for several
hours at the maximum heat before the observations were taken.

Not satisfied with this single series of experiments, I undertook
a second series under somewhat different conditions. Instead of
coiling the wire upon a pipe-clay cylinder, I employed a spiral

• contained in a glass tube and hung by its leading wires in a rect-
angular air-chamber, about 6 inches long, 3 inches broad, and
3 inches deep, the space between the walls being filled with sand
to insure a very steady temperature inside. Three mercury ther-
mometers were inserted through the cover • of this double chamber,
so that their bulbs stood around the platinum coil in. the same
horizontal plane. This box was heated externally, by five small
Bunsen's burners, a gas pressure regulator being applied to give
steadiness of heat. Irregular losses of heat by radiation, or by
atmospheric currents, were prevented ' by a metallic screen sur-
rounding the flames and the heated box.

X 2
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This apparatus is repre-
sented in the accompanying
figure.

The temperature of the box
was gradually raised to 350°
Centigrade, and then lowered ;
and observations were taken at
regular intervals of increasing
and decreasing temperature.

The results obtained in this
further set of experiments are
given in the second table. The
wire employed was not the
same as that employed in the
first series, which accounts for
certain differences in the ratio
of increase observed, although
in other respects the accord-
ance of the two series may be
considered satisfactory.

In order to test these discrepancies, a third set of experiments
was undertaken, with the same platinum wire which had been
employed in the second set, with the difference, that the chamber
containing the tube and wire and the thermometers was filled
with linseed oil. The results are given in the third table, in two
brief series, the object being, in this case, to test the former experi-
ments by a few very careful observations in which the flames were
so adjusted by a gas-pressure regulator, that a perfectly steady heat
could be maintained for an hour, or more, to insure identity of
temperature in every part of the chamber.

The general accordance between these results is best shown in
the accompanying diagram No. 1, where the first, second, and third
series of observed results are represented by the lines marked 1, 2
and 3, respectively. The horizontal divisions of the sheet represent
Centigrade degrees of temperature measured from the absolute zero
of temperature; and the vertical divisions units of resistance
divided into tenths.

With the exception of one observation, which has evidently

Fig. 1.
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been taken or noted in error, the accordance between the second
and third series of observations is satisfactory. They represent a
line, curved downwards towards the X axis, which it crosses at a
point near the absolute zero, or 274° Centigrade below the freezing
point of water.

No general conclusion could, however, be drawn from the Copper,
bearing of one metal. I procured, therefore, wires of comparatively "^r

pure copper, of fused iron (or mild steel), of silver, and of alumi- alumi-
nium, which were subjected to the same series of observations, as mum*
before described. . The results are given in tables 4 to 7, and are
also laid down on the diagram according to the same scale as the
platinum curve.

Setting' aside some palpable errors, these results also produce
lines curving downwards to the absolute zero on the abscissal axis,
and agree very closely with the measured results obtained by
Dr. Matthiessen* between the limits of 0° and 100° Centigrade.
They also agree, generally, with the results I obtained by means
of another series of observations which I undertook for testing
the progressive increase of resistance beyond the range of the
mercury thermometer, and which will be noted further on.

Encouraged by these concordant results, I have endeavoured to
find a general expression for the increase of electrical resistance in
conductors with rise of temperature, which should be based upon
a rational dynamic principle.

The experimental curves represented on the diagram differ so
little from a straight line, between the limits of 0° and 100° Cent.,
that the early observers, whose observations did not go beyond
those limits, naturally concluded that the electrical resistance
increased in an arithmetical ratio with the temperature. In
taking the amount of increase between these limits, in copper
or silver wire, it was, moreover, found to coincide very nearly
with the increase of volume of permanent gases by heat.

Clausius has drawn from these data the conclusion " That
the resistances of metals are directly proportional to their abso-
lute temperatures."-]- Matthiessen, however, found that the incre-
ment of increase of resistance was not absolutely constant between

* Vide " Philosophical Transactions," 1862.
t Vide Poggcndorff's " Annalen," Vol. civ., p. 650,1858.
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the limits of 0° and 100° Cent., but that the ratio of increase in
pure metal was expressed by the formula

"R0

~ l--0037647t .+ 0-0000083412,

where E° represents the resistance at zero Centigrade and R* at
any other temperature on the same scale, which ratio agrees very
closely with my own results between those limits; whereas, at tem-
peratures exceeding 100°, great discrepancies are at once apparent.
This will be seen from the following statement of calculated resist-
ances for the higher temperatures by Matthiessen's formula—

Temperature in Besistance in
degrees Cent. Units.
t = 0° Et = 10000

= 100° = 1-4146
= 300° = 1-6098
= 600° = 0-8314
= 1000° = 01794
= 2000° = 00373

His formula is indeed inapplicable to temperatures exceeding
100° Cent. He adds, it is true, a fourth member to his denominator,
containing t8, which has the effect of harmonizing it more com-
pletely with the observed values at low temperatures, without,
however, producing more reasonable values for high temperatures.
This formula, then, is applicable only within the narrow range of
the experiments by which it was determined.

Law of Now if we apply the mechanical laws of work and velocity to
increased J

resistance, the vibratory motions of a body which represent its free heat, we
should define this heat as directly proportional to the square of
the velocity with which the atoms vibrate. We may further
assume that the resistance which a metallic body offers to the
passage of an electric impulse from atom to atom is directly pro-
portional to the velocity of the vibrations which represent its heat.
In combining these two assumptions, it follows that the resistance
of a metallic body increases in the direct ratio of the square root
of the free heat communicated to it.

Algebraically, if (r) represent the resistance of a metallic con-
ductor at the temperature T, reckoning from the absolute zero, and
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a an experimental co-efficient of increase peculiar to the particular
metal under consideration, we should have the expression

r =aTK

, This purely parabolical expression would make no allowance
for the probable increase of resistance, due to the increasing dis-
tance between adjoining particles with increase of heat, which
would depend upon the co-efficient of expansion, and may be ex-
pressed by /3T, which would have to be added to the former
expression. To these factors a third would have to be added,
expressing an ultimate constant resistance of the material itself
at the absolute zero, and which I call 7. The total resistance of
a conductor at any temperature, T, would, therefore, be expressed
by the formula

The law of increase expressed by this formula is graphically repre-
sented by diagram No. 3, the spaces between the abscissal axis and
the parabola expressing the resistances due to the absolute motion
of the particles; the arithmetically increasing field of resistance
above the parabolic curve expressing the increase due to increase
of distance between adjoining particles ; and the field below the X
axis, the constant resistance of the material under all conditions.
It remained to be seen whether, in giving suitable values to the
co-efficients a, /3, and 7, this law of increase could be made to coin-
cide with the observed results.

In deciding the abscissal axis according to temperature, and
fixing the zero Centigrade at the point where the ordinate equals a
unit of resistance in the first diagram, or an amount equal to the
specific resistance at that temperature in the second, it will be
observed that the portion of the curve where the absolute zero
(or any other point of the thermal scale) falls, is completely fixed;
and it was important to see whether, in starting from that point,
the curvatures as represented by the above formula would agree
with those of the experimental lines of the different metals.

Three points of each of the experimental curves, including the
zero Centigrade, were taken, and the experimental values for T and
r at these points being put into the above formula, the numerical
values for a, /3, and 7 were obtained for each metal. If written
down with these numerical co-efficients, the formula is as follows:
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Platinum
ball
pyro-
meter.

For platinum—r= •0021448T* + -0024187T+ -30425
r=-039369Ti+-00216407T--24127
r=-092183Ti+-00007781T--50196

For copper—r=-026577Ti + '0031443T--29751
For iron—r=-072545Ti + -0038133T-l-23971

For aluminium—r=-05951436Ti + -00284603T--76492
For silver—r=-0060907TJ + '0035538T--07456

Curves constructed in accordance with these expressions are
shown in the portions below 0° C. and above 350° C, of diagram 1,
with a constant resistance of 1 unit for each metal at the zero
Centigrade, and in diagram No. 2, with each metal represented by
its own specific resistance at zero Centigrade, and the close coin-
cidence of the calculated resistances with the experimental resist-
ances as shown in the tables, excepting a certain number of
evidently erroneous observations, proves the entire applicability of
tlte law of increase expressed by the formula to various metals at
temperatures between 0° and 350° Centigrade. It remained to be
proved, however, whether the same law would apply to higher
degrees of temperature.

For this purpose I had recourse to a
pyrometer, constructed upon the supposition
that the specific heat of solids and liquids
is the same at all temperatures. An instru-
ment of this description was designed by me
some years since, and is used by ironmasters
in determining the temperature of their hot
blast. It is represented at fig. 2, and con-
sists of a cylindrical vessel of thin sheet
copper capable of containing an imperial
pint of water. The inner vessel is surrounded
by two external vessels of thin metal plate,
the narrow space between the first and second
being filled with air; and the space between
the second and third, or the outer vessel,
with cow-hair or other non-conductor of heat.
A delicate thermometer is fixed against the
side of the innermost vessel, being protected
from injury by a perforated plate. It is
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provided with a sliding scale having divisions equal in breadth to
the degrees on the thermometer, but each division counting as the
equivalent of 50 degrees. A copper or platinum ball is provided,
the weight of which is so adjusted that the heat capacity of
50 balls, is equal to that of an imperial pint of water at ordinary
temperature. This is dropped into the vessel and the sliding scale
thereupon fixed so that its zero index shall coincide with the
position of the mercury level in the thermometer tube. The
copper or platinum ball is perforated, in order that it may be
placed at the end of a rod to be exposed to the heat which is
intended to be measured.

Upon being fully heated, the ball is dropped into the water,
and the reading indicated upon the sliding scale, added to that of
the mercury thermometer, gives the temperature of the ball.

Although a high degree of accuracy cannot be claimed for this
instrument, its indications are, nevertheless, useful for obtaining
fixed ratio indications of the higher temperatures. It has enabled
me to test the general accuracy of the ratio of increase of electrical
resistance beyond the limits of the more correct tests obtained at
the lower temperatures. The accuracy of these corroborative results
depends upon the supposition that the specific heat of the metal
ball is the same at high and low temperatures; but, although this
may not be, strictly speaking, the case, there is evidence to show
that the variations are not of serious import, except probably in
nearing the melting points.

The following are some comparative results which have been
obtained by placing in the same heated chamber a copper ball of
known capacity of heat, and a coil of platinum wire wound in the
spiral grooves of a porcelain cylinder and protected from injury by
a cylindrical casing of platinum. Both the copper ball and the
protected spiral wire were placed inside the heated chamber in a
piece of wrought-iron tubing, to ensure more complete identity of
temperature, when the resistance of the spiral was taken, and the
copper ball dropped into the apparatus just described.

The following are some of the results :—
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Observed
temperature

by copper ball
pyrometer.

835 C.
854,,
810,,

Observed
resistance of

coil when
heated.

30-5
32-0
29-6

Resistance of
the same coil

at 0° O.

10-56
10-56
10-56

Temperature of
coil according to

formula
r. = -0021448T£ +
•0024187 T +0-30425

811° C.
882° „
772° „

Difference.

-24°
+28°
-38°

It remains to be proved whether the law of increase of electrical
resistance, which I have here ventured to put forward, holds good
for all conductors; and whether it may be trusted at temperatures
approaching either the point of absolute zero or the melting point
of the metal under consideration. The whole subject, indeed,
requires further and fuller investigation than I could devote to it
with the principal object of my investigation in view, which,
having been the construction of a reliable instrument for measuring
low and high temperatures by electrical resistance, I have followed
up this branch of the enquiry only to such a point as to supply a
tolerably reliable basis for such practical purposes.

FIRST TABLE.

Showing the Measured Increase of Besistances with the Increase of Tem-
perature of a Coil of Platinum Wire of 0*009 inches diameter in Oil.

Mean temperature
of three mercury
thermometers in

degrees Cent.

o-o
37-8
43-3
48-9
54-4
60-0
65-6
71-1
76-7

Calculated
resistance of coil.

1-0000
1-0989
1-1129
1-1269
1-1405
1-1543
1-1676
1-1812
1-1947

Measured
resistance of

coil
(reduced).

1-0000
1-0985
1-1141
1-1243
1-1362
1-1457
1-1578
1-1678
1-1792

Difference.

-•0004
+ •0012
-•0026
—0043
-•0086
-•0098
—0134
- •015

Remarks.

by inference
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FIRST TABLE.—Continued.

Mean temperature
of three mercury
thermometers in

degrees Cent.

81-8
87'8
93-3
989

104-4
110-0
115-6
121-1
126-7
132-2
137-8
143-3
148-9
154-4
160-0
165-6
171*1
176-7
182-2
187-8
193-3
198-9
204-4
210-0
215-6
221-1
226-7
232-2
237-8
243-3
248-9
254-4
260-0
265-6
271*1
276-7
282-2
287-8

Calculated
resistance of coil.

1-2068
1-2209
1-2338
1-2469
1-2695
1-2723
1-2851
1-2974
1-3099
1-3222
1-3344
1-3465
1-3587
1-3707
1-3826
1-3945
1-4061
1-4179
1-4249
1-4420
1-4524
1-4685
1-4760
1-4864
1-4977
1-5087
1-5198
1-5307
1-5363
1-5526
1-5634
1-5741
1-5849
1-5935
1-6060
1-6167
1-6210
.1-6375

Measured
resistance of

coil
(reduced).

1-1912
1-2030
1-2237
1-2369
1-2493
1-2611
1-2743
1-2952
1-2856
1-3195
1-3317
1-3392
1-3511 c
1-3644
1-3773
1-3911
1-4088
1-4426
1-4327
1-4411
1-4530
1-4615
1-4745
1-4797
1-4909
1-5096
1-5132
1-5323
1-5450
1-5535
1-5596
1-5778
1-5908
1-6007
1-6001
1 6195
1-6295
1-6375

TllftPTATl f*A

-•0156
-•0179
—•0101
-•0100
-•0202

•-•0112
-•0108
-•0022
-•0243
-•0027
-•0027
-•0073
-•0076
-•0063
—0053
-•0034
+ •0027
+ •0247
+ •0078
-•0009
+ •0006
-•0070
-•0015
-•0067
-•0068
+ •0009
-•0066
+ •0016
-•0087
+ •0009
-•0038
+ •0037
+ •0059
+ •0048
-•0059
+ -0028
+ •0085
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SECOND TABLE.

Shoiuing the Measured Increase of Resistances with the Increase of Tem-
perature of a Goil of Platinum Wire of 0-009 inches diameter, in Air.

Mean tem-
perature of

three mercury
thermometers,

in degrees
Cent.

o-
8-5

12-0
14-5
22-3
33-8
34-0
46-2
86-0

100-0

112-7
123-2
148-0
159-0
160-3
171-3
187-3
193-5
196-0
197-7
201-0
206-0
206-3
212-3
214-0
214-7
222-0
2310
238-6
247-0
254-0
264-6
275-0
282-0
804-0
8230
334-0
340-0

Calculated
resistance of

coil.

1-0000
1-0135 .
1-0296
1-0358
1-0541
1-0835
1-0840
11141
1-2123

1-2468

1-2771
1-3040
1-3486
1-3922
1-4002
1-4224
1-4618
1-4770
1-4832
1-4873
1-4955
1-5080
1-5085
1-5233
15275
1-5292
1-5461
1-5693
1-5877
1-5986
1-6258
1-6518
1-6774
1-6946
1-7486
1-7953
1-8220
1-8370

Measured
resistance of

coil
(reduced).

1-000
1-012
1-029
1-036
1-048
1-085
1-085
1-107
1-213
1-250

1-287
1-309
1-357
1-404
1-404
1-426
1-485 •
1-492
1-494
1-496
1-499
1-507
1-511
1-529
1-532
1-535
1-559
1-556
1-588
1-603
1-669
1-654
1-698
1-702
1-741
1-780
1-801
1-824

Difference.

-•0010
-•0006
+ •0002
-•0661
+ •0015
+ •0010
-•0071
+ •0007

+ •0032

+ •0099
+ •0050
+ •0264
+ -0118
+ •0038
+ •0036
+ •0132
+ •0150
+ •0108
+ •0087
+ •0035
-•0010
+ •0025
+ •0057
+ •0045
+ •0058
+ •0129
-•0033
+ •0003
+ •0044
+ •0332
+ •0022
+ •0106
+ •0074
-•0076
-•0153
-•0210
-•0130

Remarks.

f in snow and water
I completely sur-
| rounding the oil
\_ chamber.

f In the steam of
\ boiling water.

Barometer at 30 in.
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THIRD TABLE.

Showing the Measured Increase of Resistances with the Increase of Tem-
perature of a Coil of Platinum Wire of 0*009 inches diameter in Oil.

FIEST SERIES.

Mean
temperature

of three
mercury

thermometers
in degrees C.

0
15

100
176
198
234
287
312
340

Calculated
resistance of

COlla

1-0000
1-0372
1-2454
1-4356
1-4900
1-5788
1-7095
1-7710
1-8400

Measured
resistance of

coil
(reduced).

1-00
1-04
1-25
1-43
1-49
1-58
1-71
1-77
1-84

Difference.

+ '0028
+ '0046
- -0056

—
+ -0012
+ -0005
- -0010

Remarks.

In ice surrounding
the casing-.

In boiling water.

SECOND SERIES.

Mean
temperature

of three
mercury

thermometers
in degrees C.

0
15

100
162
208
239
303
346

Calculated
resistance of

coil.

1-0000
1-0372
1-2454
1-4001
1-5147
1-5911
1-7489
1-8547

Measured
resistance of

coil
(reduced).

1-00
1-04
1-25
1-40
1-52
1-70
1-75
1-85

Difference.

+ -0028
+ -0046
- -0001
+ -0053
+ -1089 )
+ -001.1 /
- -0047

Remarks.

In ice surrounding
the casing.

In boiling water.

f Evidently an error
< of observation or
\_ notation.
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FOURTH TABLE.

•Showing the Measured Increase of Resistance with the Increase of Tem-
perature of a Coil of Copper Wire of 0*008 inches diameter.

FIRST SERIES.

Mean
temperature

of three

mercury
thermometers
in degrees C.

0
23

100
166
168-2
210
215
276
280
315
322
342

Calculated
resistance of

coi1..

1-0000
i-0905
1-3876
1-6396
1-6480
1-8053
1-8240
2-0514
2-0662
2-1958
2-23? 6
2-2958

Measured
resistance of

coil
(reduced).

1-00
1-09
1-38
1-63
1-64
1-80
3-82
2-04
2-05
2-17
2-20
2-26

Difference.

- -0005
- 0076
- -0096
- -0080
- -0053
- -0040
- -0114
- -0162
- -0258
- -0316
- -0358

Kemarks.

In ice surrounding
the casing.

In boiling water.

Showing the Measured Increase of Resistance with the Increase of Tem-
perature of a Coil of Copper Wire of 0*008 inches diameter in Oil.

SECOND SERIES.

Mean
temperature

of three
mercury

thermometers
in degrees C.

0
15

100
182
220
255
296
327
346

Calculated
resistance of

coil.

1-0000
1-0591
1-3886
1-7000
1-8427
1*9734
2*1256
2*2400
2*3100

Measured
resistance of

coil
(reduced).

1-00
1-06
1-39
1*70
1*85
1-98
2-13
2*24
2-32

Difference.

+ "0009
+ -0014

—
+ *0073
+ -0066
+ -0044

— .
+ -oioo

Remarks.

In ice surrounding
the casing.

In boiling water.
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FIFTH TABLE.

Showing the Measured Increase of Resistance with the Increase of Tem-
perature of a Coil of Iron Wire 0/0-0086 inches diameter.

FIRST SERIES.

Mean
temperature

of three
mercury

thermometers
in degrees

Cent.

0
15

100
134
148
216

260

305
347

Calculated
resistance of

coil.

1-0000
1-0897
1-5857
1-7758
1-8540
2-2292

2-4676

2-7085
2-9300

Measured
resistance of

coil
(reduced).

1-00
1-09
1-57
1-78
1-86
2-10

2-47

2-71
2-93

Difference.

—

+ •0003
-•0157
+ •0042
+ •0060
-•1291

+ •0024

+ •0015
—

Eemarks.

In ice surrounding
the casing.

In boiling water.

f Evidently an error
< of observation or
^ notation.

SECOND SERIES.

Mean
(temperature

of three
mercury

thermometers
in degrees

Cent.

0
15

100
140
198

256

313
347

Calculated
resistance of

coil.

1-0000
1-0897
1-5857
1-8094
2-1300

2-4461

2-7457
2-9300

Measured
resistance of

coil
(reduced).

1-00
1-09
1-57
1-75
2-13

2-45

2-75
2-93

Difference.

—

+ -0003
-•0157
-•0594

+ •0039

+ •0043

Remarks.

In ice surrounding
the casing

In boiling water

I" Evidently an error
< of observation or
( notation.
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SIXTH TABLE.

Shoioing the Measured Increase of Resistance with the Increase of Tem-
perature of a Coil of Alwininium Wire o/-008 inches diameter.

FIRST SERIES.

Mean
temperature

01 three
mercury

thermometers
in degrees C.

0
14-17

118-5
144-25
211-17
241-37
283-2
304-8

Calculated
resistance of

COll*

1-
1-06548
1-53118
1-64253
1-92675
2*05288
2-22569
2-31413

Measured
resistance of

coil
(reduced).

1-
1-062
1-530
1-642
1-920
2-044
2-221
2-313

Difference.

--00348
--00118
--00053
--00675

-•00888
- -00469
—•00118

Remarks.

In ice surrounding
the casing.

SECOND SERIES.

Mean
temperature

of three
mercury

thermometers
in degrees C.

304-8
263-17
170-2
137-77

89-9
24-73

Calculated
resistance of

coil.

2-31413
2-1432
1-75358
1-61463
1-40602
1-11388

Measured
resistance of

coil
(reduced).

2-313
2-124
1-709
1-565
1-356
1-071

Difference.

-•00113
-•0192
--04458
--04963
--05002
—04288

Remarks.
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SEVENTH TABLE.

Showing the Measured Increase of Resistance with Increase of Tem-
perature of a Coil of Silver Wire of -008 inches diameter.

FIRST SERIES.

Mean
temperature

of three
mercury

thermometers
in degrees C.

0
19-93
66-57

118-53
150-63
219-1
262-5
303-8

Calculated
resistance of

coil*

1-
1-07443
1-24817
1-44109
1-55999
1-81307
1-97313
2-12524

Measured
resistance of

coil
(reduced).

1-
1-074
1-26
1-45
1-56
1-81
1-98
2-13

Difference.

-•00043
+ •01183
+-00891
+ -00001
--00307
-•00687
--00476

Remarks.

In ice surrounding
the casing.

SECOND SERIES.

Mean
temperature

of three
mercury

thermometers
in degrees C.

303-8
275-1
235-1
219-5
164-5
115-5

19-3

Calculated
resistance of

coil.

2-12524
2-01956
1-8721
1-81454
1-61132
1-42988
1-07208

Measured
resistance of

coil
(reduced).

2-13
2-02
1-87
1-81
1-60
1-41
1-069

Difference.

-•00476
-•00044
+ •0021
+ •00454
+ •01132
+ •01988
+-00308

Remarks.

VOL. HI.
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PAET SECOND.

ON MEASURING TEMPERATURES, INCLUDING FURNACE TEMPERA-

TURES, BY ELECTRICAL RESISTANCE.

IN the early days of submarine telegraphs, it frequently hap-
pened that the insulated conductor, which had tested well at the
cable works, proved faulty after the cable had been submerged, and,
upon examining such faulty cable, the metallic conductor was found
to have sunk through the gutta percha covering, an effect which
could not be satisfactorily accounted for by accidental causes, such
as may arise in joining wires during the process of manufacture;
whereas the effect of heat of an intensity of at least 38° Centigrade,
or of sufficient intensity to soften or melt the gutta percha covering
of the cable, was generally traceable.

In 1860, when professionally engaged on behalf of Her
Majesty's Government in superintending the examination of the
electrical condition of the Malta and Alexandria Telegraph Cable,
during its manufacture and submersion, it appeared to me that
heat, as revealed by its disastrous effects, might be spontaneously
generated within a large mass of cable, either when coiled up at
the works or on board ship, owing to the influence of the moist
hemp and iron wire composing its armature. In considering the
means by which such rise of temperature within the mass might
be observed, my attention was directed towards that property of
metallic conductors of offering, in a rising temperature, an in-
creasing resistance to an electrical current, to which attention has
been drawn in the First Part of this Lecture.

Now, an instrument constructed on the principle of the increase
of electrical resistance with rise of temperature, would possess the
obvious advantage that the metallic conductor under observation
might be at some distance from the observing instrument, and
need not be disturbed for making observations. Accordingly, I
prepared coils of copper wire insulated with silk, whose electrical
resistance having been ascertained and adjusted, were enclosed in
iron tubes, with the ends hermetically sealed, but allowing thick
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insulated leading-wires to pass outward. These protected coils
were placed at various points within the mass of cable as it was
coiled in the ship's hold, the insulated leading-wires being taken
into the testing cabin. ' These arrangements proved of great
utility in saving this and subsequent cables from destruction;
for, although the external layers of cable remained cool to the
depth that mercury thermometers could be inserted, the coils
placed in the interior of the large mass indicated a steady rise of
temperature which had reached 98° Fahr. when the official test
was made. A few degrees of additional rise of temperature must
have destroyed the insulation of the cable, I therefore urged that
cold water should be poured over it. This was not effected with-
out strong opposition on the part of the incredulous ; but when at
last the water of the Thames, which was covered at the time with
floating ice, was pumped over the cable, it issued therefrom at the
temperature of 78° Fahr., thus proving the general correctness of
the electrical indications previously observed.

It may be here remarked, that in consequence of this practical
test, the Government consented to the construction within the
ship's hold of water-tight iron tanks, and also to the cable being
submerged in water during its passage from the works to its
destination, precautions which have ever since been adopted in
laying submarine cables.

Stimulated by these results, it occurred to me that an instru-
ment of more general application might be constructed for
measuring the temperature of inaccessible places; and, that on the
same principle, a reliable pyrometer might be made, an instrument
of great requisition in the useful arts for obviating the uncertain
and contradictory statements regarding the temperature at which
smelting and other operations are accomplished. Various practical
difficulties were encountered in working out these problems, which
have, however, been gradually lessened or overcome, and my labours
have resulted in the production of several types of thermometrical
and pyrometrical instruments.

When the temperature of an inaccessible place whose tempera-
ture has to be measured is not above the boiling point of water,
.the thermometer coil is variously constructed, according to the
position in which it may have to be. placed. . . . . . . . .

Y 2
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Thermo-
metric
resistance
coil.

The simplest of these
is shown in the accom-
panying sketch, and con-
sists of a spiral of insu-
lated wire wound upon a
cylindrical piece of wood
or metal enclosed in a
cylindrical silver casing,
the two extremities of
the wire "being soldered
to thicker insulated wires,
a third thicker wire being
joined to one of the other
two, the three forming
a light cable. This in-
strument I use for mea-
suring ordinary tempera-
tures on land, and in this
form the apparatus would,
I conceive, be useful to
the physiologist or the
medical man for ascer-
taining the temperature
of the human body under
certain influences without
disturbing it. The instru-
ment is extremely sensitive, and temperatures may, with a good
Wheatstone balance, be read off to within a tenth of a degree
Fahrenheit.*

In this arrangement of apparatus the indications of the
thermometric resistance coil, or instrument described, are read off
by direct comparison with a mercury thermometer, Avhich latter
will represent the exact temperature of the former at a distance, it
may be, of several miles.

* An instrument similar in arrangement to the one here mentioned was described
by me before the Physical Section of the British Association at Manchester, in
1861; and a modified arrangement for measuring deep sea temperature was pre«
sentedi in the joint names of Dr. Werner Siemens and myself, to the Berlin Academy
in 1863.
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The principle is as follows:— .

Fig. 4.

When two si-
milar thermometer
coils have different
temperatures, they
have also different
resistances, and,
therefore, in order
to make them
equal, the tempe-
rature of the one
• in the room must
be made equal to
that of the other at
a distance. A plan

of the way in which this is arranged is shown in fig. 4. The two
resistances, A and B, forming the left-hand side' of the parallelo-
gram, consist of coils of silk-covered German silver wire, each of
500 units, and both wound upon the same bobbin, so as to have
the same temperature. The resistance thermometer, T', of about
500 units, is placed at the distant point, whilst the comparison
thermometer, T, precisely equal in respect of material and resistance
to T', is placed in the testing room, and these are connected with
the other resistances by the two leading wires, 1 and 1'. The lower
end of 1 is put to earth at T', but the corresponding end of 1 is con-
nected with one side of the resistance thermometer, T', and then
with the earth. In the testing room the leading wire, 1', is con--
nected directly with the resistance, B, and with the galvanometer;
whilst 1 is connected with the resistance A, the galvanometer and
the balance thermometer, T. The leading wires, 1 and 1', are of
copper, of the same gauge, insulated with gutta-percha and spun
tip together, so that they are equally affected by changes of tem-
perature at intermediate places, and have therefore always equal
resistances. For protection against mechanical injury, the leading
wires are covered with hemp and sheathed with a laminated cover-
ing of copper.

Thus arranged, the balance thermometer, T, is immersed in a
bath of water, the temperature of which can be varied.
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When electrical equilibrium is to be obtained,, it' is; evident

A T 4-1
that the relation — = —,—r must first be established. And

B T +1
.since A = B and 1=1', it follows that this equilibrium can only
occur when T = T ' ; that is to say, when the resistances of the
distant and of the balance thermometers are equal, or, in other
'words, when their temperatures are alike.

In making an observation with this apparatus, it is therefore
only necessary to heat or cool the water in which T is immersed,
and to read off its temperature upon an ordinary mercury ther-
mometer the moment that electrical equilibrium is observed. The
temperature thus noted is that of the distant station.

Thermo- The comparison-coil, the temperature of which has to be
metllari adjusted, consists of a coil of fine silk-covered iron or copper wire,
son-coil, corresponding with the wire employed for, and. of a resistance

precisely equal to, that of the thermometer-coil at a standard tem-
perature. I t is wound upon a short length of metal tube and
enclosed in an outer protecting capsule of silver, or other metal, to
guard it against mechanical injury and against the ingress of
water, which, by causing short circuits between the convolutions,
would render its indications inexact. The open end of the pro-
tecting capsule is fitted with a vulcanite stopper through which
two thick copper leading wires, forming the end of the resistance
coil, are passed.

The water bath used with this instrument, and which I have
found very convenient for raising or lowering the temperature of
the comparison-coil to that of the distant spot, consists of a cylin-
drical copper vessel, on one side of which a mercury thermometer
is fixed in a suitable frame; the bulb and lower part being
protected by a perforated shield. There are two funnels for
supplying hot and cold water respectively. The cold water pipe
ends near the top of the vessel, and is bent outwards, so that the
cold water entering and falling to the bottom may distribute itself
as it falls. The hot water pipe, on the other hand, ends at the
bottom of the vessel, so that the hot water may rise and diffuse
itself. In addition to this, the latter pipe.is provided with a
flexible tube, through which air*is blown from the. mouth, and
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bubbling up through the water keeps it well mixed and of uniform
temperature.*

When the deflection of the galvanometer needle is towards the
left it' indicates that the bath is too cold, and vice-versl The
operator then adds hot or cold water, as the case may be, until the
balance of electrical resistance is established, when the mercury
thermometer gives a true reading of the temperature at the
distant place.

By the use of a similar arrangement of apparatus and burying
the resistance thermometers at various depths in the ground, the
temperature may, without disturbing the coils, be registered with
the utmost accuracy at different periods from year's end to year's
end. In like manner, the temperature of the atmosphere at
elevated points may be registered in a consecutive manner.

In constructing a thermometer adapted for measuring deep sea Resistance
temperatures it was necessary to fulfil the following conditions :— tectcd°'
(1) The resistance must increase or decrease with a lusher or lower against

water.
temperature, sufficiently to allow of an exact reading to one-tenth
of a degree Fahrenheit. (2) The wire must be so protected mechani-
cally that, under the pressure of a column of water of 3,000 fathoms,
it would remain perfectly insulated. And (3) the wire must be so
coiled as to be readily affected by slight changes of temperature in

\ * Since the above was written, I have
adopted a modified arrangement of this appa-
ratus shown in the annexed figure. It consists
of a plain cylindrical vessel, into which a move-
able tube is immersed, containing the coil and
the mercury thermometer. A flange at the
bottom of the tube serves to agitate the water
in moving the tube up and down, and thus
serves [to equalize the temperature of the
liquid.
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its vicinity. To effect this, a fine iron or copper wire, insulated
with silk, is coiled in two° or three layers upon the brass tube, aa,
as shown in section in fig. 5. One end of this wire is soldered to
the tube: the other to a copper wire insulated with gutta-percha

Pig. 5.

and carried through a hole to the interior. Over each end of the
tube is drawn a piece of vulcanized india-rubber pipe, b and b', in
the space between which the wire is coiled. Over the whole is
then drawn a larger india-rubber pipe, cc, which, after being padded
outside with hemp yarn, is lashed tightly down by a stout binding
wire. The gutta-percha covered wire forming the insulated end of
the coil is placed between the india-rubber pipes, b and c, which
are so compressed by the lashing as to close in upon it on all sides.
The end of this wire is soldered to one of the leading wires; the
other leading wire being soldered to the top of the brass tube. The
whole is carried upon the end of the cable or sounding line,
which contains the leading wires. The reason for leaving the
interior tube open at both ends is to allow a free passage for the
water through it, in order to ensure the coil taking quickly the
surrounding temperature.

Thermometer coils constructed in this manner are found to be
unaffected by any hydrostatic pressure to which they may be sub-
jected. As a test of their insulation, I subject all those intended
for deep sea soundings to pressure under water before being finally
connected with the sounding lines.

An instrument of this description was prepared, in 1869, for
the Dredging Committee, by which readings* could be obtained to
one-tenth of a degree of Fahrenheit's scale, with the greatest
accuracy, in lowering the thermometer coil to the bottom of the
harbour. Unfortunately, however, accurate results could not be
obtained in deep water, because the motion of the ship rendered
the needle of the galvanometer employed too unsteady to allow of
dependence being placed upon its indications.*

* A similar apparatus has been taken out on board H.M.'S steam-ship "Challenger,"
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The very high degree of heat to which pyrometers have to be Resistance
raised, renders it necessary to construct them as nearly indestruc- f01!̂ "
tible by fire as possible, and of a material which is not liable platinum,
to any permanent change by sudden variations in and elevation
of temperature. Platinum is a metal which is well suited for
this purpose, in every way, as it does not, when annealed,
alter its specific electrical conductivity by the application of heat;
whilst the variation of its measured resistance, due to change
of temperature, is sufficiently great to allow of exact readings. But
special precautions had to be observed in providing a resistance
wire of suitable quality, and in protecting the same from the hot
gases of furnaces, which would exercise a chemical action upon it.

The pyrometer coil which I prefer is made of fine platinum
wire of O01 inch diameter, the resistance of which averages
o-6 units per yard of length. t This wire is coiled upon a cylinder
of hard baked pipe-clay in which a double threaded helical groove
is formed, to prevent the convolutions from coming into contact
with each other. The form of pipe-clay cylinder is shown in fig. 6.

Fig. G.

At each end of the spiral portion, BB, it is provided with a ring-
formed projecting rim c and c', the purpose of which is to keep the
cylinder in place when it is inserted in the outer metal case, and
to prevent the possibility of contact between the case and the
platinum wire. Through the lower ring c', are two small holes,
bb', and through the upper portion two others aa'. The purpose of
the upper holes, aa', is for passing the ends of the platinum wires
through, before connecting them with the leading wires. From
in her exploring expedition, in which a Thomson marine galvanometer was substi-
tuted for the more simple instrument used on the previous occasion, and which is
better suited for taking readings notwithstanding the motion of the vessel. Con-
sidering that the zero position of the galvanometer has only to be ascertained, the
difficulty of operating with this instrument would not be considered great by those
who are accustomed to electric observations on board ship, although they are still
considerable to the uninitiated in this class of observations, and renders the produc-
tion of a more simple current detector a matter of considerable interest.
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these two holes, downwards, platinum wires are coiled in parallel
convolutions round the cylinder to the bottom, where they are
passed separately through the holes bb'. Here, they are twisted,
and, by preference, fused together by means of an oxy-hydrogen
blow-pipe. At this end, also, the effective length and resistance
of the platinum wire can be adjusted, which is accomplished by
forming a return loop of the wire, and providing a connecting
screw-link of platinum, L, by which any portion of the loop can
be cut off from the electric circuit.

The pipe-clay cylinder is inserted in the lower portion AA, of
the protecting case, shown in fig. 6. This part of the case is made

of iron or platinum, and is fitted into the long tube, CC, which is
of wrought iron, and which serves as a handle. When the lower
end of the casing is of iron, there is a platinum shield to protect
the coil on the pipe-clay cylinder. The purpose of the platinum
casing is to shield the resistance wire against hot gases, and
against accident. At the points, AA, fig. 6, the thick platinum,
•wires axe joined to copper connections, over which pieces of ordi-
nary clay tobacco-pipe tube are drawn, and which terminate in
binding screws fitted to a block of pipe-clay, closing the end of the
tube. A third binding screw is provided, which is likewise con-
nected with one of the two copper connecting wires, and which
serves to eliminate disturbing resistances in the leading wires, as
will be explained in the third part of this paper.

If temperatures not exceeding, a bright red heat are to be
measured, the platinum protecting tube may be dispensed with,
and iron or copper substituted.*

* In experimenting with pyrometers with platinum casings, no appreciable
deterioration of the platinum wire or change in its conductivity at 0* Centigrade
has been observed, beyond what is due to the complete annealing of the wire in the
first instance. With a view, however, of saving expense, the protecting tube of
subsequent instruments was made of wrought iron; and an instrument of this con-
struction was submitted for trial to a Committee apppointed by the British Asso-
ciation in 1872-3. To my surprise it was found that each time, after the coil had
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The pipe-clay tube, upon which the platinum wire is wound, is, Insulation
when cold, highly insulating; when heated, its conducting power clay cy.
increases^ • though not to such an extent as to occasion any percep- linder-
tible error. '

In order to investigate the extent of this increasing conducti-
vity, I coiled a length of platinum wire round a pipe-clay
pyrometer cylinder in the ordinary way between the leading wires,
and then cut the wire at the bottom, so that the current passing
between the leading wires would have to traverse the body of the
pipe clay, and then measured its resistance at various temperatures,
with the following results:— . . • • • • •

Cold -.' •: 1,000,000 units.
12,000 „

At intervals whilst red-hot

At white heat.

At intervals, in a gas furnace J
r

intensely heated 1

I

8,000
7,000
6,000
3,700
4,000
3,700

700
650
650
550
500

The resistance of the cylinder, when cold, returned to its
original value, and after repeated experiment, produced the same
results, whence it follows that the amount of error caused by con-
been exposed to intense heat^ the platinum resistance at standard temperature was
permanently increased; and, on examining the wire, it was found to present a rough
surface, and had become brittle. Prof. A. W. Williamson, the Chairman of this
Committee, suggested that this change might be owing to the reducing atmosphere
produced by the highly heated iron casing, and which would cause the platinum to
combine with a trace of reduced silicon, taken from the pipe-clay cylinder in contact
with the same. An analysis by Prof* Williamson of the altered wire confirmed this
view, and proved beyond doubt the necessity of an oxidizing or neutral atmosphere
within the protecting,chamber. This condition will be best obtained in making the
protecting casing of platinum; but for ordinary purposes an iron casing well
enamelled on the' inner surface, or containing a lining of porcelain, will answer
equally well. .
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duction of the pipe-cltty cylinder, is practically inappreciable until
a white heat has been reached: but that in measuring tempera-
tures exceeding a white heat, it is the tendency of the instrument
to indicate a slightly lower value than the true one.

In order to avoid inaccuracy from this source, it is desirable to
expose the instrument to intense heat for three minutes only, on an
average, at the end of which time the observation should be taken.
This period of exposure will have sufficed to heat the protecting
capsule, and the platinum resistance-wire, to within narrow
limits of the full temperature of the furnace, whilst it will have
been insufficient to penetrate and soften the pipe-clay cylinder.
The error caused by an invariable and insufficient period of expo-
sure is, moreover, proportional to the temperature, and can be
determined by experiment at a temperature below white heat.

In adapting the resistance thermometer to the measurement of
high temperatures, a wide range of resistances is obtained, and it
is no longer necessary to determine these resistances with the same
precision as in measuring slight variations of ordinary temperature.
In this case I dispense with the use of galvanometers, and sub-
stitute for the same an instrument which I propose to call a
differential voltameter. The method of measuring electrical resist-
ances by the aid of this instrument will be described in the Third
Part of this paper—" On a simple method of measuring electrical
resistances."

Although the principle involved in the increase of electrical
resistances with increasing temperatures is an extremely simple one,
the difficulties which had to be overcome in constructing practically
useful instruments for measuring high and low temperatures, were
considerable. Various combinations and appliances had to be
tried for protecting the thermometer coils against hydrostatic
pressure, or against the destructive heat of furnaces. The dis-
turbing effect of leading wires had to be eliminated, and the
reading of the instrument rendered independent of mechanical or
magnetic influences, and brought within the compass of observers
untrained for the delicate work of the electrician.

But the greatest drawback consisted in the imperfect state
of electrical science respecting the ratio of increase of electrical
resistance with increase of temperature, for temperatures ex-
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ceeding the boiling point of water. Platinum is the only avail-
able metal for high temperatures, and little was known of the
ratio of increase of this metal even at ordinary temperatures. I
was, therefore, obliged to undertake the series of experiments, with
the view of determining the increase of platinum resistance up to
high temperatures, tending to the establishment of the general law
with regard to electrical resistances—which has been dealt with
in the First Part of this paper—" On the influence of temperature
upon the electrical resistance of metallic conductors."

The resistance thermometer and pyrometer have already been
applied to useful work. Professor Bolzani, of Kasan, uses them
for registering cosmical temperatures at points above and below
the surface of the earth. Mr. J. Lowthian Bell, the eminent
metallurgist, employs the latter for determining the temperatures
at which the various operations of the blast furnace are carried
on; and I have had various occasions, in addition to the one
already referred to, of obtaining useful information regarding
the temperature of furnace gases, etc., by the aid of these
instruments,
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PAET THIKD.

ON A SIMPLE METHOD OF MEASURING ELECTRICAL EESISTANCES.

Resistance ALTHOUGH the Wheatstone balance furnishes the electrician
measurers .
and galva- with the means of measuring the resistance of electrical circuits
nometers. w ^ grea£ accuracy, provided only that reliable resistance scales

and a delicate galvanometer are at hand, its application is, in many
cases, rendered difficult on account of the delicacy of the apparatus
and of extraneous disturbing causes. »

In cases where a portable-instrument is required which may
have to be entrusted to inexperienced hands, the want of a more
simple method of ascertaining electrical resistances makes itself
particularly felt. Having had occasion to require such an instru-
ment for measuring temperatures at inaccessible places, I pro-
jected, some years since, a " resistance measurer," which has been
described by the Electrical Standard Committee of the British
Association, in their report, at Dundee, of 1867, and which is
based upon the power of balancing the potential values of two
equal coils upon a magnetic needle, by changing their relative dis-
tance from it, according to the intensity of the two branch currents
emanating from the same battery; this distance being made the
measure of the unknown resistance inserted in one of the two
branches.

Dr. Werner Siemens has produced a measuring instrument of
greater scope and convenience, in which an index handle (moving
a contact roller upon a wire in a circular groove) is carried round
upon a divided scale until a magnetic needle in the centre of the
apparatus assumes its zero position, when the unknown resistance
is indicated upon the scale. The same instrument is suitable for
measuring greater resistances by the sine method; it is also a
tangent galvanometer, and has received the appropriate appellation
of an " universal galvanometer."

These and other ready methods which have been projected
for measuring electrical resistances are useful auxiliaries to the
Wheatstone bridge, from which they differ chiefly in obviating the
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necessity of elaborate resistance scales, without, however, removing
the difficulty of dealing with a delicate galvanometer.

Professor Sir William Thomson has produced a marine galva-
nometer, which is nearly independent, in its action, of external
magnetic influences and of the disturbing influence of the ship's
motion. But these advantages are not realized without the
sensitiveness of the instrument being, to a very great extent,
sacrificed. By mounting the magnetic needle of the instrument
upon a vertical spindle resting upon the end of a lever vibrating
under the influence of a Neef s hammer, I succeeded in obtaining
greater sensitiveness, but at the cost of a more complicated
apparatus.

At this stage of my inquiries, it occurred to me that both the Theory of
resistance scales and the galvanometer might be dispensed with in J a l

measuring electrical resistances, by reverting to the principle of the
voltameter in combination with that of differential measurement.

Faraday established the law that the decomposition of water in
a voltameter in an unit of time is a measure of the intensity of the
current employed; or, that

J - v
—I being the intensity, V the volume, and t the time.

According to Ohm's general law, the intensity, I, is directly
governed by the electro-motive force, E, and, inversely, by the
resistance, E, of the electric circuit, or, it is

Combining the two laws, we have

which formula would enable us to determine any unknown resist-
ance, E, by the amount of decomposition effected in a voltameter in a
given time, and by means of a battery of known electromotive force.

Practically, however, such a result would be of no value,
because the electromotive force of the battery is counteracted
by the polarization, or electrical tension, set up between the elec-
trodes of the voltameter, which depends upon the temperature
and concentration of the acid employed, and upon the condition of
the platinum surfaces composing the electrodes. The resistance to
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Differen-
tial volta-
meter.

be measured would, moreover, comprise that of the voltameter,
which would have to be frequently ascertained by other methods,
and the notation of time would involve considerable inconvenience
and error. For these reasons the voltameter has been hitherto dis-
carded as a measuring instrument, but the disturbing causes just
enumerated may be eliminated by combining two similar voltameters
in one instrument, which I propose calling a " differential volta-
meter," and which is represented in the accompanying drawing.

It consists of two similar narrow glass tubes, A and B, of about
2*5 millimetres in diameter,
fixed vertically to a wooden
frame, F, with a scale behind
them divided into millime-
tres or other divisions. The
lower ends of these tubes
are enlarged to about 6 mil-
limetres in diameter, and
each of them is fitted with
a wooden stopper saturated
with paraffin and pierced
by two platinum wires, the
tapered end* of which reach
about 25 millimetres above
the level of the stopper.
These form voltametric elec-
trodes.

From the enlarged por-
tion of each of the two vol-
tameter tubes a branch tube
emanates, connected, by means of an india-rubber tube, the one to
the moveable glass reservoir G- and the other to G-'; fig. 8. These
reservoirs are supported in sliding frames by means of friction
springs, and may be raised and lowered at pleasure. The upper
extremities of the voltameter tubes are cut smooth and left open,
but weighted levers, L and I/, are provided, with india-rubber pads,
which usually press down upon the open ends, closing them, but
admitting of their being raised, with a view of allowing the interior
of the tubes to be in open communication witli the atmosphere.
Having filled the adjustable reservoirs with dilute sulphuric acid,
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on opening the ends of the voltameter tubes, the liquid in each tube
will rise to a level with that of its respective reservoir, and the
latter is moved to its highest position before allowing the ends of
the tubes to be closed by the weighted and padded levers.

The ends of the platinum wire forming the electrodes may be
platinized with advantage, in order to increase the active surface
for the generation of the gases.

Figure 9 represents the connections of the voltameter with the
pyrometer, and also shows the
necessity for the third leading-
wire referred to at page 28 in the
Second Part of this paper. One
electrode of each voltameter is
connected with a common bind-
ing screw, which latter may be
united, at will, to either pole of
the battery, whilst the remain-
ing two electrodes are, at the
same moment, connected with
the other pole of the same
battery; the one through the
constant resistance coil, X, and
the other through the unknown
resistance, X'. This unknown
resistance, X', is represented to
be a pyrometer-coil described in
the Second Part of this paper.

By turning the commutator
seen at fig. 9 either in a right or
left hand direction from its cen-
tral or neutral position (in which

aud volta-
meter
connected.

Jffg. 9.

position the contact springs on either side rest on ebonite), the
current from the battery flows through the two circuits, causing
decomposition in the voltameters; and the gases generated upon
the electrodes accumulate in the upper portions of the graduated
tubes. By turning the commutator half round every few seconds
the current from the battery is reversed, which prevents polariza-
tion of the electrodes, as already stated. When through the posi-
tion of the commutator the current flows from the copper, it passes

VOL. HI. z '



330

first through the connected electrodes to the voltameters, where it
divides, one portion passing through the constant resistance, X,
through the leading wire, X, to the pyrometer, returning by the
leading wire, C, to the battery, the other passing through X', through
the leading wire, X', through the platinum coil, returning by the
leading wire, C, to the battery. When the current flows from the
zinc it passes first through the leading wire, C, the current dividing
at the pyrometer, one portion returning by the leading wire, X,
through the constant resistance, X, through one voltameter tube
to the battery, and the other through the platinum coil, X', through
the leading wire, X', to the other voltameter tube, and thence to the
battery. The value of the third leading wire, C, in eliminating the
disturbing effect which long and short leading wires with varying
temperature would certainly have upon the correct indications of
the instrument is at once evident.

The relative volumes, v and v', of the gases accumulated in an
arbitrary space of time within each tube must be inversely pro-
portional to the resistances, R' and R', of the branch circuits,
because

V:V = I t - E ' t >

and, therefore,
v :v ' = R':K.

The resistances, R and R', are composed, the one of the resist-
ance, C, plus the resistance of the voltameter, A, and the other of
the unknown resistance, X, plus the resistance of the voltameter, B.
But the instrument has been so adjusted that the resistances of the
two voltameters are alike, being made as small as possible, or
equal to about 1 mercury unit, to which has to be added the
resistances of the leading wires, which are also made equal to each
other, and to about half a unit; these resistances may therefore
both of them be expressed by 7.

We have, then—
v' : v = C + 7: X + 7,

or—

X = ^ ( C + 7 ) - 7 - (1)

which is a convenient formula for calculating the unknown resist-
ance from the known quantities C and 7, and the observed pro-
portion of v and v'.
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The constant of the instrument (7) is easily determined, from
time to time, by substituting a known resistance for X, and ob-
serving the volumes, v and v', after the current has been acting
during an arbitrary space of time, when in the above formula, 7,
has to be separated as the unknown quantity, giving it the form

7 = + — — ^ - . . . . ( 2 )

The condition of equality between the internal resistances of
both voltameters is ascertained by inserting equal known resist-
ances in both branch circuits, when

v = v'
should be the result. Failing this, the balance is generally re-
established by reversing the poles of the battery, the reason being
that hydrogen electrodes are liable to accumulate metallic or other
deposit upon their surfaces, which is effectually removed by
oxygen.

Such reversals of current should be effected at frequent inter-
vals during the observation. Should this not suffice to establish a
balance of resistance, it will be necessary to push the electrodes of
the voltameter of greater resistance a little further into the tube.

The constant resistance, C, of the instrument should, as nearly
as possible, represent a geometrical mean of the range of resist-
ances intended to be measured, because the greatest degree of accu-
racy is obviously obtained when the quantities, v and v', are nearly
alike. If the difference between V and V is very great, the con-

C + 7
stant 7 introduces an error into the result, because -^—— is not

C
equal to ^ unless C equals X. In order to work this instrument
between wide ranges of temperature, it becomes necessary to make
C variable, and nearly equal to X. It is also obviously desirable to
have 7 very small as compared with X. Reliable observations
can, however, be obtained between the limits of v = 10 v' and
10 v = v', from which it follows that, with a fixed coil, C ••= 10
units, resistances may be measured (subject to correction for the
disproportion introduced by the value of 7), between the limits of
1 and 100 units. In adding a reserve coil of 1,000 units, the scope
of the instrument can be extended from 1 unit to 10,000 units.
Greater accuracy for resistances between 50 and 500 units would,
however be insured by providing a third resistance of 100 units,

z 2
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Precau- Certain precautions have to be taken to insure reliable results
tions ^n uginCT the instrument.
necessary °
in using 1. The dilute acid employed in both tubes should be of the
strument. s a m e strength, a condition which is easily realized in preparing a

standard solution of about 9 measures of distilled water for one
measure of chemically pure, sulphuric acid; to be kept in a bottle
for replenishing the instrument when required. The moveable
reservoirs being closed by a cork, with but a small hole for the
admission of air, will rarely require replenishing.

2. When the instrument has been refilled or has not been used
for some days, it is advisable to verify the equality of resistance of
both voltameters and their connection by passing the battery
current through them for some minutes with equal resistances
inserted in each branch. If a difference between the volumes of
gases should be observed, the binding screws and the pads of india-
rubber closing the tubes should be examined and the experiment
repeated. It is possible that an irregularity may be observed in
the first trial, owing to a difference in the condition of polarity
between the two sets of electrodes, which will disappear when both
shall have been subjected to reversed currents proceeding from the
same battery; the solutions will, moreover, be fully and equally
saturated with gases, and absorption of the gases avoided.

3. The battery power used should be proportional to the re-
sistances to be measured, viz.:—For resistances not exceeding 100
units, from 5 to 6 Daniell or Leclanche elements, which cause an
active decomposition without sensibly heating the coils or effecting
a partial insulation of the electrodes by excessive generation of
gases; for resistances of from 100 to 1,000 units, the number of
elements may be increased, with advantage to 15 or 20, and a still
greater number of elements may be employed in measuring resist-
ances exceeding 1,000 units.

It is not advisable under any circumstances to use less than five
Daniell's elements, although active decomposition may be obtained
with a less number, for the reason that the Aroltameter itself exer-
cises an opposing electro-motive force by polarisation, which may
vary under certain conditions from 1*1 to 1/3 DanieLl's elements,
and that these variations would exercise a sensible difference in
the result if the electromotive force of the battery did not very
decidedly predominate.
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In using large battery power the heating of the coils lias to be
guarded against, which may, however, be easily done by arresting
the current, in reversing it, from time to time, whilst allowing the
gases in the tubes to accumulate until a sufficiently precise reading
can be obtained. From two to four minutes duration of current
will, under general circumstances, suffice to fill the tubes.

4. The india-rubber pads should from time to time be smeared
with a waxy substance, to prevent escape of gas between them and
the edge of the glass tube, and I find that paraffin answers well for
this purpose.

5. The state of the barometer has no influence upon the reading
of this instrument, because fluctuations of the atmospheric pressure
affect both branches equally. A slight error through difference of
pressure would, however, arise if the reading of the instrument
were taken after the current had ceased to act, and the reservoirs
were to remain in their elevated position opposite the zero point of
the scale, exercising a hydrostatic pressure equal to the depression
of the liquids in the tubes. In order to eliminate this source of
error, the two moveable reservoirs must be lowered until a balance
of levels is established on each side between the tube and its reser-
voir before the reading is taken. This being done, the weighted
lever is raised from each tube for the discharge of the gases, and
the moveable reservoirs are raised back to their zero position.

6. Although, by careful selection, two tubes of nearly equal
diameter may be obtained, it would not be safe to depend upon
such uniformity where accurate results are required. Each tube
should, therefore, be calibrated, and provided with its own scale;
and, in case of a tube having to be replaced, a suitable new scale
should also be provided. The smaller the diameter and the greater
the length of the tubes, the greater will be the accuracy of the
observations; but a limit is here imposed, by the necessity of the
gas-bubbles rising freely to the surface, which limit is reached in
reducing the tubes to 2 millimetres of diameter.

A much smaller diameter would suffice, if the gases were
merely to propel a water-column before them in a horizontal tube,
but I found that under such circumstances the resistance of the
liquid by adhesion to the sides, caused considerable error and
inconvenience in the manipulation of the instrument.

Having measured numerous resistances by this instrument, and
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compared the results with measurements obtained by a very perfect
Wheatstone bridge arrangement, I find that it may be relied upon
within one-half per cent, of error of observation, excepting at the
extremes of the range, where a somewhat greater amount of error
easily occurs unless special care be taken in reading the compa-
ratively few divisions on the one side. A higher degree of accuracy
is, in such a case, to be attained by filling the one tube several
times (noting the volume each time), and allowing the other to
continue accumulating, until at least 100 divisions of the scale
shall have been passed.

A table has been prepared which gives the temperatures cor-
responding to the volumes of the gases of decomposition observed
in the tubes, thus saving all calculation on the part of the metal-
lurgist, or other observer.*

In using such a table, the temperature measured by the appa-
ratus is found indicated at the intersection of the two columns of
figures, expressing the volumes of gases observed in the two tubes
V and Vx; these figures commence only with 40, because it is
not considered advisable to take an observation until at least 40
unit volumes of gas have been developed in each tube. Care is to
be taken that no leakage of gas takes places under the weighted
cushions, which is easily observed in allowing the depressed
columns to stand without lowering the reservoirs when the levels
between gas and liquid should remain constant. Although the
differential voltameter here proposed for measuring electrical re-
sistances not exceeding the limits of metallic and earth circuits
does not surpass, or even equal the Wheatstone bridge arrangement
for accuracy, when the latter is carefully prepared, and in the hands
of a skilful operator, it yet possesses advantages of its own which
will, I trust, recommend it to the notice of electricians. One of

* The manner in which the equation of the curve of increase of resistance with
temperature is applied to the construction of the table hei-e referred to is the
following: the coefficients of the platinum wire employed, that is, the quantities
o, /3, y, hare first to be calculated, from a series of experiments made for that purpose,
with one unit of resistance at zero Centigrade. The constant of the voltameter y
has next to be obtained in the manner explained at p. 37, and the resistance X
of equation (1), p. 36, has then to bo equated with that of r, given at p. 9.

The following is the calculation employed for the construction of the tables. The
constant C is equal to 17 units, the resistance y to 2 units, the platinum coil in
the pyrometer has a resistance of 10 units at zei'O Centigrade, and the coefficients
of the platinum wire employed are « =-039369, fl='00216407, y=—-24127; then
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its intrinsic advantages is, that it gives the resistance to be inea-
oquating the values of the resistances as given by equations (1) of p. 9 and p. 36
respectively :—

10 («ti + j8b + y)=-L (17+ 2 ) - 2
v

1-Qv
-2

t t 4 \2$J j8 v' ^ |8 / 4/33

20 I 0 v' V ,3 /+4/32J

— 1 * - -
4/S3J. 2/3

L l / 3 ' 7 ' \~]T) 4J33J 2)8J
Substituting the values a, (3, y, and remembering that the formula is calculated for
the absolute scale of temperature, the formula for the Centigrade scale will take the
following form, which is that given at the foot of the table :—

T° Centigrade

= [{877975 x - , + 19-070544 + 82738226}*-90960553]2-274

= {(877-975 x - , + 101-80877)*- 9-0960553}2-274.

By means of this formula, the temperature of the resistance coil, which gives a
ratio of volumes in the voltameter tubes greater than the maximum given in the
Table can be calculated, and the constants required for the calculation have been
given in the Table for that purpose. The following is an instance of its application,
in which V = 127 and V 41 volumes;

log. 877-975 = 2-9434822
+ log. 127 = 2-1038037 . . .•

50472859
- log . 41 = 1-6127839

log. 2719-518 = 3-4345020
+ 101-80877

log. 2821-32677 4-2 = )3-4504534

log. 53-11616 1-7252267
- 90960553

log. 44-0201047x2= 16436510
2

log. 1937'7 = 3-2873020
- 274

1663-7 = 1664° Centigrade nearly.
The resistance of 17 units in the voltameter is made of German silver wire, so

that the variation of its resistance with that of atmospheric temperature shall be so
small as not to affoct the correctness of calculated results.
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sured in "work done," which is independent of the momentary
changes in the strength of a current, by charge or electrification,
that influence the temporary reading of a magnetic needle.

It recommends itself for use on board ship, not being in the
slightest degree influenced either by the motion of the vessel, or by
the magnetic influence of its moving mass of iron.

Its simplicity of construction is such, that each part can easily
be examined and verified.

It can be used satisfactorily by persons unaccustomed to the
delicate handling requisite in dealing with galvanometers, and
elaborate resistance scales; it is very portable; and lastly its
cheapness of construction brings it within the reach of students
and others, who might not be well able to afford an expensive
apparatus.

The following tables of actual measurements- of resistances,
made by Mr. Liidtge, Ph.D., shows the degree of accordance
between the findings of this instrument, and those of a very com-
plete AVheatstone bridge arrangement, which may be deemed
satisfactory.

FIRST SERIES.

Resistance
according to

Wlieatstone's
Diagram.

0-2
0-5
0-8
1-2
2-0
4-0
6-0
7-5

10-0
140
20-0
27-5
30-0
34-0
42-0
50-0
54-0

Resistance
according to

Proposed Differential
Voltameter.

0-2
0-5
0-8
1-21
20
4-0
5-95
7-6

10-03
13-89
20-0
27-47
30-1
33-82
41-9
49-8
54-0

Difference.

o-o
o-o
o-o001
o-o
o-o

— 0-05
0 1
0-03

— O i l
o-o

— 0-03
o-i

— 0-18
— o-i
— 0-2

o-o

Constant
Resistance.

C.

0

5

io

ib
,,

ibb

Battery
(Danieli's
Elements).

5

"G

. .
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FIKST SE Ri us—contimi ed.

Eesistance
according to
Wheatstone's

Diagram.

60-0
68-0
74-0
82-0
9 0 0
95-0

100-0

Resistance
according to

PrQposed Differential
Voltameter.

60-
68-42
74-06
81-9
90-0
95-2
99-97

Difference.

o-o
0-42
0-06

— 0-1
o-o
0-2

— 0-03

Constant
Resistance.

O.

Battery
(Darnell's

Elements).

8

10

SECOND SERIES.

Resistance
according to
Wheatstone's

Diagram.

0-5
0-8
1-0
5-4

10-0
14-0
50-0
80-40
98-00

105-00
130-40
156-00 •
192-00
205-00
240-00
284-00
300-00
312-00
321-00
335-00
350-00
385-00
400-00
425-00

Resistance
according to

Proposed Differential
Voltameter.

0-5
0-5
1-09
5-32
9-82

13-70
48-83
80-02
98'20

105-15
130-40
155-80
192-00
204-70
24014
283-95
300-30 .
312-00
321-00
334-90
350-02
385-00
400-30
425-00

Difference

o-o
— 0-3

0-09
— 0-08
— 0-18
— 0-30
— 1-17
— 0-38

0-2
035
0-0

— 0-2
o-o

— 0-3
0-14

--0-05
0-30
o-o
o-o

— 0-1
0-02
o-o
0-3
o-o

Constant
Resistance.

C.

5

10

50

100

100

Battery
(Daniell'8
Elements).

8

9

ib

15

15

VOL. HI.



If ' ' ^

338

SECOND SERIES—continued.

Resistance
according to

Wheatstone's
Diagram.

432-00
465-00
600-00
520-00
557-00
582-00
605-00
624-00
674-00
700-00
723-00
750-00
805-00
846-00
906-00
928-00

1008-00
1060-00
1130-00
1250-00
1300-00
1340-00
1410-00
1470-00
1500-00
1550-00

Resistance
according to

Proposed Difierential
Voltameter.

432-00
464-70
500-40
519-90
556-70
582-00
605-05
624-00
674-00
699-50
723-00
749-80
804-30
847-00
906-00
929-20

1006-50
1062-00
1130-00
1254-00
1303-50
1340-00
1406-20
1471-20
1500-00
1553-00

Difference.

o-o
— 0-3

0-4
—o-i
— 0-3

o-o0-05

o-o
o-o— 0-5

o-o— 0-2 .
— 0-7

1-0

o-o1-2
— 1-5

2-0

o-o4-0
3 5

o-o
- 3 - 8

1-2
o-o
3-0

Constant
Resistance

C.

500

1000

1200

1400

1500 "

Battery
(Dani ell's

Elements).

20

25

35

40

45

50
55
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